Abstract-This paper focuses on improving the downlink throughput of the base station (BS)-to-train communication link in a high-speed train (HST) scenario. First, we provide a theoretical study of the throughput maximization problem in a singlecell multiple-input-multiple-output orthogonal frequency-division multiplexing (MIMO-OFDM) train scenario with and without cooperation among carriages. The aim is to give fundamental insight into the problem rather than providing practically realizable algorithms. The theoretical study suggests that it is highly advantageous to exploit the size of the train by increasing the number of antennas and further allowing the carriages to cooperate. In the practical system-level study, we propose two low-complexity MIMO-OFDM transmission schemes, which are based on simple antenna selection (AS) methods with spatial multiplexing. The main idea is to select the best transmit antennas among different antenna combinations by comparing their estimated throughput performances. The simulation results show that the proposed algorithms outperform Long-Term Evolution (LTE)-based dynamic rank transmission schemes in terms of throughput and computational load in practical HST scenarios. Unlike the exhaustive search type of dynamic transmission schemes, our simple algorithms are also applicable to large antenna arrays. In conclusion, large antenna arrays with simple AS and spatial multiplexing transmission strategies seem to be potential solutions to the significant improvement of the throughput of the BS-to-train link in HST scenarios.
I. INTRODUCTION
T HE increasing interest in the deployment of high-speed trains (HSTs) in many parts of the world has evoked the need to provide high-quality wireless communication services to onboard users. Following the recent trend in cellular communications, the HST passengers also need access to bandwidth-hungry applications. However, providing high data The authors are with the Centre for Wireless Communications, University of Oulu, 90014 Oulu, Finland (e-mail: alaiyemo@ee.oulu.fi; hpenna@ee.oulu.fi; pekka.pirinen@ee.oulu.fi; matla@ee.oulu.fi).
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rates and good quality of service (QoS) to passengers in the presence of rapidly varying channel conditions is a challenging task [1] . An effective way to increase data rate is the use of multiple-input-multiple-output (MIMO) and orthogonal frequency-division multiplexing (OFDM) techniques [2] . However, to achieve the available performance gains, knowing the channel characteristics is highly important. Hence, to ensure reliable communication for passengers, knowledge about the different types of high-speed railway environments is required to ensure proper communication network planning and to optimize transmitter and receiver designs. The HST railway environment possesses distinctive propagation characteristics and design opportunities. Hence, the transmission schemes tailored for the conventional cellular communication environments are likely to be suboptimal. The propagation characteristics of the railway environment have been observed in a number of studies through channel measurements and analyses of such environments [3] - [8] . Channel sounding for HST railway environment was examined in [9] , where the authors' focus was on HST MIMO and coordinated-multipoint channel measurements.
With the knowledge of the channel properties, providing reliable communication for passengers still remains a challenge due to the fast moving and well-shielded carriages, which causes severe Doppler frequency shift, high penetration loss, outdated channel feedback information, frequent and large handover processes, increased power consumption of passengers' mobile equipment, and low data rates [10] . To overcome some of these problems, different authors have proposed various ways of efficiently providing wireless services to passengers [11] - [15] . The most promising concept is the use of a twohop network architecture, where the communication link is divided into a base station (BS)-to-train link (the backhaul link) and a train-to-onboard link (the access link). This network architecture enhances cellular coverage since vehicular penetration loss (VPL), which can be as high as 23 dB [16] , can be eliminated. Moreover, large simultaneous group handover processes and the passengers' high power consumption are significantly reduced with the two-hop network architecture. Further studies in [17] and [18] have shown that, although there is a performance gain with the network architecture compared with direct transmission, there are still challenges, and the main bottleneck is the backhaul link.
In [19] , Tian et al. to tackle the frequent handovers experienced over the backhaul link, with the use of two antennas mounted at the front and rear of the train. When the train moves 0018-9545 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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toward the cell edge, the front antenna executes handover, whereas the rear antenna is still connected to the serving BS. In [20] , the problem of high handover failure probability was addressed with the use of coordinated multiple-point transmission concept to achieve diversity gain with the HST receiving signals from two adjacent BSs when moving through overlapping areas. MIMO spatial multiplexing in high-speed railway communications has been studied in [21] - [23] . In [21] , the achievable MIMO capacity is analyzed for HST with multiple antennas based on 3-D modeling of line-of-sight (LOS) channel. The authors show that spatial multiplexing gains can be achieved with a proposed multigroup multiantenna (MGMA) scheme, in which the capacity gain can be achieved by adjusting the weights among the MGMA arrays. On the other hand, the approach in [22] is to reconstruct the channel through the method of principal component analysis such that the correlation in the railway channel matrix is reduced. Hence, spatial multiplexing gains can be achieved. In [23] , the selection of the appropriate antenna spacing is employed to ensure that the channel response is not rank deficient. The impact of imperfect channel state information (CSI) on high-mobility systems, examined in [24] , shows that accurate estimation and tracking of the fast timevarying fading are critical to reliable operation. Moreover, in [25] , it is shown that, in many mobile scenarios, the upper bound of the achievable data rate is mainly defined by the feedback delay of the CSI. Due to the outdated and imperfect CSI, the throughput gains provided by conventional precoding methods may be marginal or even nonexistent. Conceptually, simple antenna selection (AS) methods implemented at the transmitter have been studied with different receive antenna combinations and transmission schemes [26] - [30] . The performance of transmit antenna schemes relies on the required feedback of information on selected antenna index(es) from the receiver to the BS. However, most of these studies only consider single AS. In [28] , multiple transmit AS for spatial multiplexing was achieved by considering the detection order of an ordered successive interference cancelation (SIC) receiver with power control per antenna. AS for spatial multiplexing for practically realizable receivers was studied in [29] and [30] . The number of transmitted streams in these studies was fixed, and a subset among all possible transmit antennas was chosen.
The aforementioned AS schemes are designed from the perspective of conventional cellular systems. However, there are two major differences between an HST system (considering the BS-to-train backhaul link) and a conventional cellular system. The number of receiving antennas and the speed of the receiver can be both notably higher in the HST scenario. These characteristics suggest that large antenna arrays can be used to improve the throughput performance of an HST communication system via the achieved multiplexing gain. Moreover, the size of the train can be exploited to ease the spatial separability of the transmitted signals at the receiver side. Due to the high speed of the train, conventional precoding methods may not provide any practical performance gains. Instead, simpler spatial multiplexing methods with AS schemes could be of practical interest. However, with large antenna arrays, adaptive transmission schemes may require extensive computational load, particularly if the design is based on the exhaustive search type of adaptivity. The main aim of this paper is to address the aforementioned possibilities and challenges, and to study how the throughput performance can be increased in a realistic HST communication scenario. The contributions of this paper are introduced in the following.
In this paper, we focus on maximizing the downlink throughput of the BS-to-train link. Our analysis is built on MIMO-OFDM techniques in theoretical link-level and practical system-level scenarios. We first consider the throughput maximization problem in a theoretical single-cell MIMO-OFDM train scenario and describe two convex-optimization-based transmission strategies. The objective of the theoretical study is to give fundamental insight into the throughput maximization problem in a simple train scenario rather than providing practically realizable transmission algorithms. The theoretical results demonstrate that notable gains can be obtained when the number of antennas is increased at the BS and train, and the carriages of the HST cooperate with each other. In the practical analysis, we first apply and evaluate the Long-Term Evolution (LTE)-based closed-loop and open-loop precoding with fixed and dynamic rank transmission schemes to a realistic systemlevel HST scenario. Then, we compare its performance with the exhaustive search scheme. After which we propose two lowcomplexity transmission schemes that are based on simplified AS methods with spatial multiplexing. These practical schemes can easily fit into the LTE-Advanced transmission structure. In the algorithms, the best transmit antennas are selected among a set of antenna combinations by comparing their estimated throughput at the train and sending the information to the BS via a feedback link. The key idea of the algorithms is to provide performance close to the exhaustive search method but with significantly reduced computational load (i.e., the number of throughput calculations). The simulation results imply that a promising practical solution to notably increase the backhaul link throughput in an HST scenario is to use low-complexity AS and spatial multiplexing techniques, and have large antenna arrays at the BSs and train. The main contributions of this paper are summarized as follows:
• theoretical study of the throughput maximization optimization problem in a single-cell MIMO-OFDM train scenario with and without cooperation among carriages; • practical low-complexity MIMO-OFDM transmission schemes, which are based on simple AS methods with spatial multiplexing; • practical system-level performance and complexity evaluation of the proposed transmission schemes and LTEbased open-loop and closed-loop precoding methods.
The remainder of this paper is organized as follows. In Section II, the system models for both the theoretical and practical scenarios are introduced. The throughput maximization algorithms for both cooperative and noncooperative train scenarios are described for the theoretical system in Section III. LTE-based transmission strategies are applied to an HST scenario in Section IV. In Section V, the proposed low-complexity AS and spatial multiplexing methods are introduced. Section VI describes the simulators used for both theoretical and practical scenarios. The simulation results are presented in Section VII. A brief discussion on the simulation results is presented in Section VIII, and the conclusion is provided in Section IX.
The following notations are carried out in this paper. Vectors and matrices are represented by boldface lowercase and uppercase letters, respectively. The conjugate transposes of a matrix H and a vector h are denoted H H and h H , respectively.
II. SYSTEM MODEL
We consider a train communication scenario focusing on the BS-to-train link. The train has multiple carriages, each equipped with a single moving relay node (MRN). The number of MRNs is denoted by M . Each MRN has an external antenna array with N r receive antennas that are assumed evenly spaced along the length of the corresponding carriage. The number of transmit antennas at the BS is N t . The system supports MIMO-OFDM communications. The frequency domain is divided into C subcarriers. The downlink communications between the BS and the train is analyzed in simple single-cell and realistic multicell systems to reflect theoretical and practical scenarios, respectively. For the clarity of presentation, separate signal models are presented for both scenarios. In all cases, we assume linear transmit/receive design strategies.
A. Theoretical Single-Cell Scenario
With a BS connected to M MRNs, two modes of operation are derived. In noncooperative mode, each MRN is performing reception independently, and there is no form of cooperation among the MRNs. In cooperative mode, the MRNs can cooperate with each other and act as a large receive antenna array in order to aid data reception.
1) MRN Noncooperative Mode:
The BS is transmitting data to all MRNs simultaneously, whereas each MRN is performing reception independently at the train. This is shown in Fig. 1 without the connecting link among the MRNs. This scenario is conceptually similar to a point-to-multipoint MIMO-OFDM system. The downlink received signal vector y c,m ∈ C N r at the mth MRN for the cth subcarrier is given by
where H c,m ∈ C N r ×N t is the channel matrix between the BS and the mth MRN, m c,m,l ∈ C N t is the unnormalized precoding vector for the lth stream of the mth MRN, 
(2) where w c,m,l ∈ C N r denotes the receive filter for the lth stream of the mth MRN.
2) MRN Cooperative Mode: The BS serves the whole train simultaneously, and all MRNs can jointly perform reception, as depicted in Fig. 1 . Due to cooperation among the MRNs, this scenario can be conceptually interpreted as a point-to-point MIMO-OFDM system. The signal model is simplified since all MRNs can be considered as a single receiver, and the index of MRNs can be omitted. The downlink received signal vector y c ∈ C MN r for the cth subcarrier can be expressed as
where m c,l ∈ C N t denotes the precoding vector of the lth stream, s c,l ∈ C is the corresponding data symbol, and n c ∈ C MN r is the additive complex white Gaussian noise vector. The total number of data streams transmitted to all M MRNs is given by L ≤ min (N t , MN r ). The channel matrix from the BS to the whole MRN system is denoted by
. Given the receive filter w c,l ∈ C MN r over all MRNs, the SINR for the cth subcarrier on the lth stream can be expressed as
B. Practical Multicell Scenario by M b . Interference from onboard users to the MRNs' external antennas is omitted since half-duplexing operation is assumed. We assume perfect synchronization since frequency offsets caused by the velocity of the HST can be compensated for [31] at different positions [32] along the predictable route despite the fast time-varying Doppler shift. We also assume that Q ground macro users with low mobility are randomly distributed in the multicell system and are therefore scheduled alongside the MRNs. Transmissions to ground users are considered interference. We model the fast-fading channel based on a geometrybased stochastic modeling approach, which allows the creation of an arbitrary double-direction radio channel independent of any antenna configuration. Other channel parameters are based on statistical distributions extracted from real channel measurements, and they are obtained stochastically [33] . More details on the used channel model are given in Section VI.
In this scenario, we consider MIMO-OFDM system operating in frequency division duplexing (FDD) mode and assuming that the MRNs served by the same BS can cooperate. The number of links formed depends on the number of BSs associated with the HST at every time instance. The MRNs coordinate within themselves and form groups based on MRNs associating with the same BS, and each group formed cooperates as a single receive antenna array to establish a backhaul link. For clarity, we assume that the whole train is served by a single BS in the following signal model representation (i.e., M b = M ). The received signal vector y c ∈ C MN r for the MIMO transmission for subcarrier c can be expressed as
where H c ∈ C MN r ×N t is the channel matrix between the serving BS and the entire MRN system,
N t ×L is the unnormalized transmit precoding matrix for the desired data streams, s c ∈ C L is the corresponding transmit signal vector, and n c ∈ C MN r is the additive white Gaussian noise vector. Note that M c can be expressed as
is the normalized precoding matrix and
k are the channel matrix from interfering BS k to the MRN system, the precoder matrix used at BS k to transmitL k (interfering) data streams, and the corresponding signal vector, respectively. The total number of the interfering BSs is denoted by K.
The throughput optimal linear minimum MSE (MMSE) filtering is applied at the receiver.
withĤ c andR c being the estimates of the channel matrix H c and the interference-plus-noise covariance matrix R c , respectively. The matrix R c is given bŷ
The SINR of transmission stream l for subcarrier c at the output of the MMSE receiver is given by
III. PRECODING SCHEMES FOR THEORETICAL SCENARIO
Here, the throughput maximization problem is formulated for a downlink single-cell MIMO-OFDM train system with and without cooperation between MRNs. It is assumed that the channel is known at the BS and the MRNs. We propose precoding schemes that maximize the throughput, given the aforementioned assumptions.
A. MRN Noncooperative Mode
To maximize throughput, the optimization problem of sumrate maximization under total transmit power constraint can be formulated as follows:
Note that a positive weighting factor can be added to the objective function of (9) to maintain a certain degree of fairness among the MRNs and possibly reflect the number of onboard users in each carriage required to be served. Problem (9) is nonconvex, and thus, it cannot be solved in its current form. However, (9) can be reformulated and approximated to obtain an efficient (suboptimal) solution where the objective function (i.e., a sum rate) converges. However, global optimality cannot be guaranteed due to the nonconvexity of the original problem. The proposed algorithm is an extension of the approach in [34] to a multicarrier system. The idea of the algorithm is to divide (9) into precoder and receive filter design problems, which are solved alternately until the objective function converges.
In other words, the precoders are optimized while the receive filters are fixed, and vice versa. The optimal receive filters per subcarrier are obtained by using the linear MMSE criterion. This is given bȳ
To solve the precoders, the sum-rate maximization problem can be reformulated as a sum log-MSE minimization problem expressed as
where c,m,l is the MSE at the mth MRN for the cth subcarrier on the lth stream, and the relation between the MSE and SINR [35] is expressed as
With fixed receive filters, the sum log-MSE minimization problem is still a nonconvex problem. Therefore, the transmit precoder design is reformulated using the difference of convex function program (DCP) by introducing an auxiliary constraint
where the auxiliary variable t c,m,l is assumed such that 2 t c,m,l ≥ 1. This implies that the domain of the convex MSE upper bounding function 2 −t c,m,l is in the range of possible MSE values, i.e., between 0 and 1. Note that also other exponential functions are applicable if they satisfy these assumptions. Applying (13) and relaxing the objective accordingly, the resulting problem is given by
The relaxation is tight since the inequality constraints achieve the optimal solution with equality. Problem (14) is still nonconvex. Next, we apply successive convex approximation (SCA) method to approximate (14) , and then, we iteratively solve the resulting convex problems such that the objective function converges. Now, a linear approximation of f (t c,m,l ) = 2 −t c,m,l is found by taking the first-order Taylor series approximation at a point t
where f denotes the partial derivative, and
As a result, we can formulate the following optimization problem at the ith iteration of the SCA method for fixed {t
The next point of approximation t
c,m,l can be found by using a line search method in [34] . The SCA-based convex problems with the updated approximation points are repeatedly solved. The objective value converges since it increases monotonically at each iteration of the SCA method and the receive filter update via the MMSE. The complete method is described in Algorithm 1. 
Algorithm 1 Precoder and Receive Filter

B. MRN Cooperative Mode
To maximize throughput, well-known singular value decomposition (SVD) and water-filling principles can be exploited. (λ c,1 , . . . , λ c,L ) of H c with the remaining entries equal to zero. The optimal power allocation is achieved by extending the MIMO water-filling algorithm in [36] to MIMO-OFDM systems, where the resulting waterfilling algorithm is performed over the independent MIMO channels and subcarriers. This transmission technique is also capacity achieving strategy. The overall transmitter-receiver strategy achieves the channel capacity as follows:
where the so-called water level μ is chosen to satisfy the total power constraint, i.e., 
IV. LONG-TERM EVOLUTION PRECODING SCHEMES APPLIED TO HIGH-SPEED-TRAIN SCENARIO
Here, the existing LTE precoding codebook schemes and their application to the HST scenario for performance evaluation are examined. The type of the codebooks used and the rationale behind the choice is briefly explained first. Precoding at the BS requires information about the MIMO channel. The channel information can be obtained via feedback from the MRNs. Unfortunately, the feedback of the channel information involves a significant overhead on the uplink capacity for most systems, particularly on systems with high bandwidth and/or high mobility [37] . Thus, a necessary and practical solution is the use of limited feedback, where both the BS and radio terminal share a common codebook. The radio terminal searches the codebook for vectors/matrices that can maximize the overall system performance and the index of that vector/matrix is fed back to the BS. A combination of discrete Fourier transform (DFT)-based codebook [38] and householder (HH)-based codebook [39] is adopted by LTE and LTE-A due to its high precoding gain, lower feedback overhead, lower complexity, and flexible support for various antenna configurations.
Based on the HH codebook design, we examine the impact of the LTE based closed-loop and open-loop spatial multiplexing schemes on the railway network. In the closed-loop spatial multiplexing scheme, the MRN/receiver estimates the channel feedback information, which includes the channel quality indicator (CQI), precoding matrix indicator (PMI), and rank indicator (RI), and feeds back the channel feedback information to the BS in order to maximize the spectral efficiency. The CQI value, which is based on the derived SINR, indicates the optimum modulation and coding scheme (MCS) to be used for the next transmission. The PMI chooses the optimum precoder matrix from a predefined codebook, and the index of the chosen precoder matrix is conveyed to the BS, whereas the RI chooses the optimum number of layers for MIMO transmissions. In the case of the open-loop spatial multiplexing scheme, the estimated channel feedback information includes only the CQI and the RI. The feedback of the PMI is not required; however, a subset of codebook is applied at the BS together with cyclic delay diversity (CDD). The open-loop precoding matrix is defined as
where F n [i] ∈ C N t ×L is the ith precoding matrix from the chosen subset of the nth codebook, D c is a CDD matrix of size L × L that changes with the index of the subcarriers, and U is a fixed DFT matrix of size L × L. The CDD D c and the DFT U matrices are defined for two, three, and four transmission layers in [40] and [41] .
The selection criteria for the PMI and RI are based on maximizing the throughput, which is defined as
where the subscript f signifies the selected precoder matrix and r, which can vary from 1 to ≤ min (N t , N r ) , is the number of transmission rank/streams selected. The SINR Γ c,l is taken from (8) . When fixed-rank transmissions are considered, r = min (N t , N r ). The throughput maximizing PMI and RI values for the closed-loop scheme involves an exhaustive search through the codebook, which size grows exponentially with an increase in the number of transmit antennas. These values are chosen according to
where r * is the selected transmission rank from the set R, which consists of possible transmission ranks, i.e., R = {1, . . . , min (N t , N r )}. The index f * is the chosen precoder matrix from the codebook B, which includes the predefined set of precoders for different transmission ranks. On the other hand, the throughput maximizing RI value in the open-loop spatial multiplexing scheme is chosen according to
where f is a precoder matrix selected in a predefined and deterministic way according to (19) . It is worth noting that, even if the transmission rank changes, all transmit antennas are always used for data transmissions.
V. PRACTICAL TRANSMISSION SCHEMES BASED ON ANTENNA SELECTION AND SPATIAL MULTIPLEXING
Here, two low-complexity transmission schemes with simplified AS and spatial multiplexing are proposed for the HST scenario. Before a detailed description, the rationale behind these schemes is given. There are two fundamental differences between an HST system (considering the BS to train backhaul link) and a conventional cellular system. The receiver speed and the number of receiving antennas can be both significantly higher in the HST scenario than in the traditional cellular system. Thus, designing practical transmission schemes for the HST scenario requires a change of perspective to start with. In LTE systems, the use of codebook-based precoding schemes can provide improved throughput performance in conventional cellular scenarios. However, in high-mobility scenarios, such as HSTs, the achievable gains in throughput performance by using precoding may be minimal or even nonexistent, as compared with transmission strategies without precoding, as will be shown via numerical examples in Section VII. Moreover, the conventional LTE-based dynamic rank transmissions, where the number of data streams is adapted to the prevailing channel conditions, are mainly designed for mobile users with low number of receiving antennas. Using LTE-based precoding schemes with dynamic rank transmissions, the performance metric is calculated for all different precoder/stream combinations, and the one with the highest value is selected for the next transmission. This exhaustive search type of process may require an extensive amount of computation since the number of different combinations can be high, particularly while having large antenna arrays at the receiver side as well.
In this respect, we propose two low-complexity algorithms that are based on spatial multiplexing and simplified AS. The algorithms are less complex and provide improved performance as compared with the LTE precoding schemes with dynamic rank transmissions. Furthermore, these low-complexity algorithms are also applicable to the case where a large number of antennas are used at the transmitter and receiver. The proposed practical transmission schemes are implemented at the receiver side of a communication link by utilizing the estimated MIMO channels using cooperative MRNs at the train. The information on the selected number and positions of the transmit antennas is fed back to the BS, which then performs data transmission using spatial multiplexing with the chosen set of antennas. In the used spatial multiplexing technique, precoding is not used, and each data stream is sent from a single transmit antenna. At the receiver side, each MRN performs the linear MMSE reception. Due to cooperation between the MRNs, all the MRNs connected to the same BS within a TTI can be seen as a large MMSE receiver.
A. Adaptive Transmission Scheme Based on Two-Phase Antenna Selection
The first practical algorithm has two phases for a proper selection of the transmit antennas. The target of the first phase is to select an appropriate number of transmit antennas to be used for the spatial multiplexing transmission. The second phase aims to select the proper antenna positions for the given number of antennas chosen in the first phase. In both phases, the appropriate options are chosen that provide the highest estimated throughput assuming spatial multiplexing transmission. There are different ways to estimate the throughput performance at the receiver side. Since the MMSE receiver is used, it is logical to calculate post-MMSE throughput by assuming spatial multiplexing transmission, as given by the following:
where w c,l is the MMSE receiver for stream l at subcarrier c, and it is obtained from (6) . For the later usage, the MIMO channel at subcarrier c is denoted byĤ c = [ĥ c,1 , . . . ,ĥ c,N t ] . Equation (23) gives the total throughput over the subcarriers and transmission streams. The index N t denotes the number of transmit antennas used. Another possible performance metric is pre-MMSE throughput given by
Note that (23) is more accurate metric, whereas (24) is computationally less complex. It is worthwhile to mention that alternative performance metrics than throughput can also be used. One such metric can be composed by calculating received signal powers and correlation levels for different combinations of antenna counts and positions. This idea is described in [42] . The key idea of the algorithm is to significantly reduce the number of combinations, which need to be compared with each other. This is obtained by selecting only a subset of possible combinations to be compared with each other in both phases of the algorithm. The intuition here is that the most relevant combinations are chosen for the subsets to be compared with each other, and the less relevant ones are left out from the comparison. The sizes of the subsets can be considered design parameters, and there is a complexity-performance tradeoff. Here, the complexity refers to computational load, which is defined as the number of throughput calculations. The larger the size of the subset is, the better the performance and the higher the computational load. However, by choosing the subsets properly, the computational load can be significantly reduced while providing performance close to exhaustive search, as will be demonstrated via numerical examples in Section VII. It is assumed that the train has higher or equal number of antennas than that of the serving BS. The proposed antenna-selectionbased transmission scheme is summarized in Algorithm 2. 
2: Given the previously chosen number of transmit antennas N * t , select the best antenna positions A among a predefined set of combinationsĀ by choosing the one with the highest calculated throughput using (23), i.e., The predefined set of options N depends on the maximum number of transmit antennas N t max available and the level of complexity that can be accommodated. The basic idea behind downsizing the number of antenna options is to choose the combinations that will most probably provide the highest throughput performance. Given that the large size of the train can be utilized at the reception for the spatial separability of the transmitted streams, having a high number of transmit antennas will most probably provide high throughput. In other words, there will be no point to check the combinations with a low number of antennas, particularly when the maximum antenna count is large. For example, antenna counts less than 10 may be omitted if the maximum number of transmit antennas is 20.
Thus, it appears to be beneficial to choose only a high number of antennas for the first phase of the algorithm.
In this first phase, only one antenna combination is selected for each antenna count. This selection could be random or the antennas could be chosen such that they are as far apart as possible to each other in order to provide as good spatial separability as possible. In the second phase of the algorithm different antenna combinations of the chosen antenna count in the first phase are compared, and the best one chosen for the transmission. If the antenna count chosen in the first phase is close to maximum (e.g., 19 out of 20), the performance difference between different combinations in the second phase may be marginal since the corresponding radio channel characteristics are close to each other. Hence, it is unnecessary to compare all these combinations to each other in the second phase. The number of combinations can be reduced by randomly selecting only a few of them to be compared. In conclusion, the basic idea behind Algorithm 2 to provide high throughput performance with low computational load is to choose high antenna counts for the first phase and select only a few antenna combinations of them for the second phase. In general, most of the antenna counts and the corresponding combinations are not relevant in terms of throughput performance. This is emphasized when the maximum antenna count is high.
Intuitively speaking, the first phase may be more critical since the performance difference between the best and the worst choices is probably higher than that in the second phase. Note that the feedback overhead with Algorithm 2 implementation is comparable with the LTE dynamic transmission schemes since the antenna combinations are predefined and known at the BS and HST. Hence, only the index of the antenna combinations will be required for the feedback. Algorithm 2 can be designed such that the computational load is (mostly) lower than the LTE open-loop transmission scheme, as will be demonstrated in Section VII.
B. Adaptive Transmission Scheme Based on One-Phase Antenna Selection
The second practical algorithm selects an appropriate number of transmit antennas and the proper positions of the active antennas simultaneously for spatial multiplexing transmission. The algorithm operates as follows. The total throughput is first calculated for the maximum number of transmit antennas N t max using (23) or (24) . Since spatial multiplexing transmission is assumed, different transmit antennas can be ordered based on their total throughput performance. The transmit antenna with the lowest throughput is removed, and the total throughput is calculated again for N t max − 1 transmit antennas. The two calculated throughput values are compared. If the first value is higher, the maximum number of transmit antennas is chosen for spatial multiplexing based data transmission. Otherwise, the throughput of N t max − 1 antennas is compared with the throughput calculated for N t max − 2 antennas when the second worst antenna is removed. The process of reducing the number of transmit antennas one after the other based on the lowest per transmit antenna throughput is repeated until the total throughput is decreased. In practice, if the total throughput difference between the current and previous case is relatively small, it may be worthwhile to continue the process until the performance difference is large enough. Therefore, there can be a predefined threshold α for the throughput difference, which needs to be exceeded to stop the process, and select the previous number and positions of the transmit antennas. The second antenna-selection-based transmission scheme is summarized in Algorithm 3. It will be shown in Section VII that Algorithm 3 has even lower computational load than that of Algorithm 2. However, the feedback overhead is somewhat higher since the antenna positions are not chosen from a predefined set of options.
Algorithm 3
One-phase antenna-selection-based adaptive transmission scheme for HST scenario.
1: Based on the MIMO channel estimateĤ = [Ĥ 1 , . . . ,Ĥ C ] at the train, calculate the total throughput for the maximum number of transmit antennas N t max using (23) . Set N t = N t max . 2: Remove the antenna with the lowest throughput, and calculate the total throughput for N t − 1 antennas using (23) .
Compare the throughput values T N t and T
4: Stop, and choose N t transmit antennas and the corresponding antenna positions. 5: else 6: Set N t = N t − 1, and go to step 2. 7: end 8: Send the information of the chosen transmit antennas to the BS. 9: At the BS, use spatial multiplexing with the chosen transmit antennas for data transmission. 10: At the train, estimate the MIMO channelĤ, and use the linear MMSE criterion for data reception. Go to step 1.
VI. SIMULATOR DESCRIPTION
Here, the theoretical single-cell and practical multicell simulators are introduced, and the main simulation parameters are presented.
A. Theoretical Simulation Model
The theoretical simulation model consists of a single BS with N t transmit antennas serving a four-carriage HST. Each carriage is equipped with an MRN having N r receive antennas. The number of subcarriers is set to C = 10. The SNR for the MRN is defined as P/N 0 . Two different channel models are used to model NLOS scattering and LOS type of conditions with uncorrelated and correlated antennas, respectively. For the case of uncorrelated antennas, the Rayleigh fading channel model is exploited. In this model, each channel coefficient is drawn from a Gaussian distribution with zero mean and unit variance. For the correlated antennas, we have used the stochastic Weichselberger channel model [43] . In this case, the received signals for each path of the different antenna elements are to be spatially correlated. Hence, spatial correlation matrices are generated to reflect the spatial correlation among the antenna elements. The spatial correlation coefficients for the BS and MRNs are generated according to
where G is defined as G = N r and G = M N r for MRN noncooperative mode and MRN cooperative mode, respectively. The correlation coefficients are defined as
where μ denotes a correlation factor generated randomly from a uniform distribution in the range (0, 1), whereas L ij and L kl are normalized path losses generated from the "Rural Macro" path-loss model in [44] . The perpendicular distance between the BS and train, antenna spacing, and mean angle of arrival (AoA) are taken into account in the calculation of the path losses. The mean AoA is derived from a uniform distribution in the range (−π/2, π/2). The overall channel was modeled according to the Weichselberger model [43] , which gives a better correlation structure than the Kronecker channel model [45] . U BS and U MRN are the orthonormal eigenvectors derived from the spatial correlation matrices for the BS and MRN, respectively. Symbol represents an elementwise multiplication and the coupling matrix Ω, whose structure reflects the spatial arrangement of scattering objects, is derived from the eigenvalues of R b and R r . In each simulation, the performance is averaged over 1000 independent channel realizations. The main simulation parameters for the case of correlated antennas are listed in Table I . 
B. Practical Simulation Model
The practical HST simulation model is based on a realistic wrap around multicell environment with a central layout of 57 cells (19 trisector antenna sites). This central layout is wrapped around with the copies of it to ensure uniform interference levels across the 57 cells, as shown in Fig. 2 . The simulation run consists of 1000 drops with 50 channel samples per drop. One hundred ground users are randomly distributed throughout the central layout at the start of each drop. The rail is laid across the central layout with a radius of 5 km such that the closest distance to any BS along the rail is 50 m. The movement of the HST is modeled such that the HST moves incrementally along the rail at the start of each drop. The ground users and MRNs on the HST are paired with 57 cells providing the strongest received signal strength, which is calculated based on distance-dependent path loss and angular antenna gain. The pairings remain constant throughout each drop; therefore, handover processes are not considered as such. MIMO-OFDM system operating in FDD mode is considered with a channel bandwidth of 10 MHz according to the LTE standards [46] .
At every transmission time interval (TTI), the resource scheduler at the BS distributes available resources among the active ground users and MRNs such that the overall throughput is maximized, and the resources are fairly distributed. The resources are shared based on a modified proportional fair scheduling algorithm. First, the scheduler differentiates ground users from MRN and then splits the resources between ground users and MRN backhaul links based on the number of active ground users and MRNs. A maximum of 50% of the resources are made available to the BS-to-train backhaul links due to the half-duplex operation of the MRN. Scheduling relies on channel information feedback, which may include CQI, PMI, RI, and the proposed AS indexing. Following the LTE framework, the channel feedback information is obtained by the receiver/MRN and is made available to the scheduler with a periodicity of 6-ms interval and 2-ms delay. The values of the feedback periodicity and delay depend on factors such as the granularity of the channel feedback information subband reporting, the capability of user equipment, and higher layer message (e.g., radio resource control (RRC) connection reconfiguration and RRC connection setup) [46] . The calculated channel feedback information is based on the channel coefficients made available at the receiver/MRN. Random errors are introduced into the channel coefficients before calculating the channel feedback information to model channel estimation errors as no specific channel estimator was implemented. The channel coefficients are generated based on the WINNER II channel model [33] . It is a geometry-based model that enables the separation of propagation parameters and antennas. Some of the parameters needed for the channel generation include the propagation scenario; the speed and direction of the UE; the number, height, and location of the BS and MS/MRN; antenna field patterns; system center frequency, etc. Based on the delayed channel feedback information, an MCS is set for each terminal at the BS for the next transmission.
A link-to-system (L2S)-level interface is used to map the link-level SINR values to the system-level throughput performance. More precisely, the obtained SINRs are mapped to mutual information values using mutual information effective SINR metric (MIESM) link layer abstraction [47] . The MCS values determine the frame error probability at the L2S-level interface and define the transport block size, i.e., the number of bits transmitted. The success of transmissions is identified by hybrid automatic repeat request (HARQ) acknowledgements, which are determined in the system-level interface and fed back to the BS after a delay. The number of bits transmitted for successful transmissions and retransmissions are used in the throughput calculations. The described system-level simulator is LTE compliant. The simulation parameters are set according to the guidelines established by the International Telecommunications Union Radiocommunication Sector (ITU-R) for International Mobile Telecommunications Advanced (IMT-A) radio interface evaluation [48] . The main simulation parameters are listed in Table II. VII. SIMULATION RESULTS Here, the performance of different MIMO-OFDM transmission schemes is evaluated via numerical examples in theoretical and practical simulation models. First, we compare the performance of the cooperative and noncooperative MRN systems with the increasing number of transmit and receive antennas in a simple single-cell scenario. Then, the performance of the LTEbased precoding schemes and the proposed simplified AS algorithms are compared in a practical HST scenario. Finally, we study how much the throughput performance can be improved by increasing the number of transmit and receive antennas in the practical scenario.
In Fig. 3 , the achieved sum rate is plotted against SNR for the cooperative (COP) and noncooperative (NonCOP) MRN systems with different numbers of transmit and receive antennas in uncorrelated and correlated channels. The total number of receive antennas at the train is denoted by N rTot = M N r . The simulation results show that the cooperation of MRNs is highly beneficial compared with a noncooperative scheme at all SINR values. The performance gain increases with the increasing number of transmit and receive antennas. The gains are even higher in the correlated channel conditions, although the absolute performance is somewhat decreased compared with the uncorrelated channels due to the reduction of spatial degrees of freedom. The superior performance of cooperative scheme is due to a fact that the overall MIMO channel from the BS to the entire train can be divided into parallel interference-free subchannels with proper transmit and receive processing through the SVD. In the noncooperative scheme with the independent data reception of each MRN, inter-MRN and interstream interference limit the throughput performance. In other words, the spatial separability of the transmitted signals at the receiver side is more efficient for the cooperative scheme since it can exploit all the receive antennas and the physical length of the train. In conclusion, the theoretical results imply that the MRNs in the train should cooperate if possible and that the antenna arrays at the BS and the train should be as large as practically possible. Hence, for the remainder of this paper, we only consider the cooperative scheme.
Before examining the performance analysis for different transmission schemes, we show the impact of different train speeds on the throughput of the cooperative scheme. Fig. 4 shows the cumulative distribution function (cdf) of the throughput for three different train speeds with antenna configuration of N t = 4 and N r = 2 for each of the MRN. The results show the trend that throughput decreases as the speed increases. The difference in the throughput is mainly a result of the impact of the delayed feedback of the channel information with respect to the channel and speed of the HST. 1 Due to high speed, feedback information gets outdated fast.
In all the following simulations, the total transmit power of a BS is assumed fixed (i.e., 46 dBm), and this power is equally divided among the transmit antennas, regardless of the number of antennas used. antenna combinations (S-MUX exhaustive search). 1 The effect of Doppler shift and handover at different vehicular speeds were examined in [49] . The results show that all the fixed rank transmission schemes have nearly comparable performance, regardless of the precoding. Thus, precoding-based schemes hardly provide any gain over the S-MUX. However, the dynamic rank transmissions provide significant performance gains as compared with the fixed rank schemes. It can be seen that the LTE OL-dynamic rank scheme slightly outperforms the CL one. The superior throughput performance can be achieved by using the S-MUX with exhaustive search. The results imply that using precoding may not provide any gains in a practical HST scenario. However, significant gains seem to be available by using adaptive transmission schemes.
In Fig. 6 , the cdf throughput performance of the proposed AS algorithms is compared with the LTE OL-dynamic rank and the S-MUX exhaustive search transmission schemes. The proposed algorithms are represented as As can be seen, the proposed algorithms achieve almost comparable performance to that of the S-MUX with exhaustive search, yet with significantly reduced computational load. The results also show that the proposed algorithms provide some performance gains when compared with the LTE OL-dynamic rank transmission scheme.
The computational loads involved for performing different adaptive transmission schemes are evaluated in Table III. 2 in terms of per-stream throughput calculations per subcarrier. Note that, in the case of the proposed algorithms, the average per-stream throughput needs to be calculated over the simulation runs since the number of throughput calculations is not predefined, as in the case of all other schemes. For all the transmission schemes, single-layer transmissions were omitted.
One can see that the proposed simple algorithms require significantly lower computational load than the S-MUX exhaustive search and CL-dynamic rank schemes. It is worthwhile to mention that one per-stream throughput calculation of an S-MUX-based scheme requires less computational load, as compared with that of the precoding-based scheme. Nevertheless, this is not taken into account in Table III . The computational load of the proposed algorithms are slightly less than that of the OL-dynamic rank scheme except for Algorithm 2 with N t = 4, in which the complexities are comparable. However, the difference is increasing as the number of antennas increases. The number of throughput calculations is not presented for the LTE-based schemes when N t > 8 since the LTE standard only support N t ≤ 8, and there are no codebooks defined for the higher number of antennas. It is worth mentioning that the predefined antenna combinations in the first and second phases of Algorithm 2 were chosen by following the principles described in Section V with the aim of keeping the computational load to a reasonable level. In the first phase, the number of antenna combinations |N | is related to the total number of transmit antennas, and is given by |N | = (N t max /2) − 1. The number of subsets in the predefined set of antenna combinations A in the second phase ranges from 1 to 3, and the choice of subset depends on the antenna count chosen in the first phase relative to the total number of antennas. As an example, Table IV presents the predefined antenna combinations for the case of N t max = 12. The numbers in the brackets refer to the indexes of the used antennas.
Inspired by the theoretical simulation results, we next examine how much the throughput performance can be improved 2 Note that eight transmit antennas is supported in LTE specification for LTE CL but not for LTE OL. However, computation for * LTE OL-dynamic rank, as shown in Table III , is based on a straightforward extension from the four transmit antennas by increasing the number of transmit and receive antennas in a practical HST scenario. Fig. 7 shows the cdf of throughput performance for the S-MUX with fixed transmission scheme at various transmit and receive antenna array sizes. One can see that the performance significantly improves with the increasing number of antennas. However, the performance gains are getting somewhat smaller when the number of antennas is high, particularly for the low percentile region. This is mainly due to the fact that increasing the number of antennas on the HST will reduce the antenna spacing among the antennas, thereby causing an increase in spatial correlation of the channel. Thus, the spatial separability of the transmitted streams becomes poorer. The cdf throughput performance for the proposed AS algorithms using the same number of transmit and receive antennas as in Fig. 7 is shown in Fig. 8 . Comparing Figs. 7 and 8 , the proposed algorithms show significant throughput performance gains. The percentage increase in the throughput at different cdf points compared with fixed S-MUX transmission scheme is shown in Table V . Algorithms 2 and 3 have comparable performances in most cases. Algorithm 3 has less computational load compared to Algorithm 2; however, the feedback overhead is higher than in Algorithm 2 implementation. This is because the BS does not have prior knowledge of which transmit antennas are active or inactive in Algorithm 3 implementation. S-MUX exhaustive search could not be simulated because of the large number of throughput calculations, which grows exponentially with an increase in the number of antennas. The results imply that there are significant throughput gains available by increasing the number of antennas and using the proposed low complexity algorithms.
VIII. DISCUSSION
The simulation results imply that the key point for improving the throughput performance in a HST scenario is to use sufficiently large antenna arrays at the BS and train. The results also demonstrate that precoding is somewhat irrelevant, but transmission rank adaption via exhaustive search type of process is highly beneficial. However, rank adaptation requires a lot of computation, particularly when using large antenna arrays. The key insight in reducing the computational load of the system is to simplify the exhaustive search process by comparing only the most relevant combinations, i.e., focusing on choosing the right number of transmit antennas rather than going through all the possible combinations. It was shown that the proposed low-complexity algorithms, including spatial multiplexing with simplified AS, provide performance that is almost comparable with that of the exhaustive search scheme, but with notably reduced computational load. In conclusion, large antenna arrays at the transmitting and receiving sides, with simple spatial multiplexing and AS transmission scheme, seem to be an appropriate solution to significantly improving the backhaul link throughput in a practical HST communication scenario. These simplified algorithms also fit in well to real-time demanding scenarios such as the high-speed moving receivers, where the time taken to select an appropriate transmission scheme is significantly reduced as a result of the reduced computational load.
IX. CONCLUSION
This paper considered a MIMO-OFDM HST communication system where the focus was on the backhaul link optimization with the aim of throughput maximization. This problem was approached from both theoretical and practical aspects. The theoretical results showed that cooperation between the MRNs and increasing the number of antennas is highly beneficial. In a practical HST scenario, it was shown that adaptive rank transmission schemes provide significant throughput gains over fixed rank schemes. However, adaptive schemes may require extensive amount of computation, particularly when the number of antennas is high. To significantly reduce the computational load, we proposed two low-complexity transmission schemes with simplified AS and spatial multiplexing. The practical simulation results demonstrated that the proposed simple algorithms provide almost similar performance as compared with the spatial multiplexing with exhaustive search and improved throughput performance as compared with the LTE-based dynamic rank schemes. Furthermore, computational load was significantly reduced. It was also shown that the throughput is further improved by combining the proposed low complexity algorithms with large antenna arrays.
